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Comparative proteomic and transcriptional profiling of a
bread wheat cultivar and its derived transgenic line
overexpressing a low molecular weight glutenin subunit
gene in the endosperm
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We carried out a parallel transcriptional and proteomic comparison of seeds from a transformed
bread wheat line that overexpresses a transgenic low molecular weight glutenin subunit gene
relative to the corresponding nontransformed genotype. Proteomic analyses showed that, during
seed development, several classes of endosperm proteins were differentially accumulated in the
transformed endosperm. As a result of the strong increase in the amount of the transgenic pro-
tein, the endogenous glutenin subunit, all subclasses of gliadins, and metabolic as well as
chloroform/methanol soluble proteins were diminished in the transgenic genotype. The differ-
ential accumulation detected by proteomic analyses, both in mature and developing seeds, was
paralleled by the corresponding changes in transcript levels detected by microarray experiments.
Our results suggest that the most evident effect of the strong overexpression of the transgenic
glutenin gene consists in a global compensatory response involving a significant decrease in the
amounts of polypeptides belonging to the prolamin superfamily. It is likely that such compen-
sation is a consequence of the diversion of amino acid reserves and translation machinery to the
synthesis of the transgenic glutenin subunit. R
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1 Introduction aim of improving important traits, wheat has always been a

target for conventional breeding programs. In recent years,

Wheat is the world’s most important crop and products
based on this grain constitute the staple food in the majority
of world countries. Due to its economic impact, and with the
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wheat has been shown to be amenable to genetic transfor-
mation, and several efforts are being made to transform it
with additional genes of agronomic importance related to
end-use quality [1].

Bread and pasta are the most common wheat-based
products, and their quality is mainly determined by the
rheological properties of water-flour doughs, which correlate
with the quantity, composition, and structural properties of
the gluten proteins. Gluten is a highly complex mixture of
polypeptides that amounts to about 80% of the total proteins
in mature caryopses [2].

Gluten proteins are classically divided into gliadins and
glutenins. Gliadins are monomeric proteins, and can be fur-
ther classified as o-, B- (now considered the same protein
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class, named o-type), -, and o-gliadins based on their mo-
bility in PAGE gels at acidic pH [3]. Gliadins form only
intramolecular disulfide bonds, or, in the case of w-gliadins,
because of the absence of cysteine residues, no disulfide
bonds. The glutenins, on the other hand, consist of poly-
meric proteins stabilized by both intra- and intermolecular
disulfide bonds. The glutenin polymers can reach up to sev-
eral million Daltons, and polymer size, abundance and
composition determine the end-use quality of wheat [4].
Upon reduction of disulfide bonds, single polypeptides are
released from the glutenin polymers, and can be broadly
classified into high molecular weight glutenin subunits
(HMW-GS) and low molecular weight glutenin subunits
(LMW-GS). The HMW-GS range from 70000 to 90000,
whereas the LMW-GS range from 20 000 to 45 000. LMW-GS
can be further divided on the basis of pI and molecular
weight [5], into the B, C, and D groups. The majority of LMW-
GS are present in the B group, have distinctive N-terminal
sequences [6], and may be considered “typical” LMW-GS.
The C group contains mainly polypeptides with a-type or
v-gliadin type sequences, and their incorporation in the pol-
ymeric fraction of gluten is likely due to mutations altering
the number of cysteine residues [7]. The D-group of
LMW-GS consists of polypeptides with typical o-gliadins se-
quences that are similar to the C-type LMW-GS, in that their
presence in the glutenin polymers is likely due to mutations
resulting in the presence of at least a single cysteine residue
[8-10].

In addition to the gluten proteins, wheat grains also
contain nongluten proteins, which are involved in the bio-
chemical processes that take place during grain development
and germination. These nongluten proteins constitute only a
minor fraction in terms of quantity (20% of the total endo-
sperm proteins). The most abundant of these are evolutio-
narily related to the wheat prolamins and are part of the
prolamin superfamily. The nongluten protein fraction
includes water- and salt-soluble enzymes active in carbohy-
drate metabolism, protein synthesis, transport, and various
stress responses; some of them, notably those soluble in salt
solutions and in chloroform/methanol (CM-like proteins),
are mainly polypeptides with a proposed role in plant
defense against pathogens [11-13]. Recent advances have
made possible the selective extraction and characterization of
metabolic proteins using a combination of 2-DE and MS
[14-16].

Previous studies reported the production of transgenic
wheats overexpressing several HMW-GS genes in bread
wheat [17, 18] as well as LMW-GS in durum wheat [19, 20]. In
all cases, modifications of visco-elastic properties of the
derived doughs were observed [21]. Because LMW-GS are
also important determinants of the rheological properties of
bread wheat doughs [22], bread wheat with additional copies
of LMW-GS genes was generated [23]. Investigations cur-
rently in progress [24], based on the parallel fluorescence in
situ hybridization (FISH) analyses of untransformed and
genetically modified (GM) genotypes, along with a mono-
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somic/nullisomic analysis, have shown that the LMW-GS
transgenes, along with the BAR marker genes, are both
integrated in a single locus, confirming the previously for-
mulated hypothesis that the LMW-GS overexpression is due
to a multiple copies insertion event [23].

With the aim of evaluating the consequences of trans-
gene presence and activity on the expression of the other
classes of endosperm genes, we employed a genomic
approach to compare transcript and protein synthesis during
the period of seed filling until maturation. Seed develop-
ment, from pollination to mature desiccated grain, generally
occurs over 45 days in bread wheat under standard environ-
mental regimes. Proteins and starch, the main seed storage
reserves, usually accumulate in a linear fashion between 10
and 35 days postanthesis (DPA) [25]. We chose to focus our
study over this period, during which the transgenes are
expected to be transcribed, and where most of the gene
expression differences are likely to occur.

The data presented here provide a definition of genome
and proteome responses to genetic transformation and over-
expression of a transgenic LMW-GS gene in the developing
seeds of a transgenic bread wheat line. They show that the
main consequence is a decreased gene expression and syn-
thesis of most of the endosperm proteins belonging to the
prolamin superfamily. It seems likely that such mechanism
of compensation is a consequence of the diversion of amino
acids reserves and translation machinery to the synthesis of
the transgenic glutenin subunit.

2 Materials and methods
2.1 Plant materials

The transformed Triticum aestivum L. (bread wheat) cultivar
Bobwhite (carrying the 1B-1R translocation) over expressing
an LMW-GS gene, along with its corresponding control gen-
otype is described in ref. [23]. Briefly, the construct
PLMWEF23A used for biolistic transformation of immature
embryos contains a full length LMW-GS coding sequence
isolated from the bread wheat cultivar Cheyenne under the
control of its own promoter [26]. We expect that the LMW-GS
transgene, like the endogenous LMW-GS genes, is subject to
developmental regulation and it is expressed exclusively in
the starchy endosperm cells during the mid and the late
stages of seed development [2]. On the basis of the molecular
weight, pI and structure, the transgene-encoded protein
belongs to the B-type of LMW-GS [5, 6, 23].

The transgenic genotype used corresponds to T, and Tg
generations, and thus is assumed to be completely homo-
zygous. Seeds of the wild-type and the transformed geno-
types seeds were germinated in Petri dishes at room tem-
perature (in November 2003), transferred in Jiffy pots when
the seedlings reached approximately 3 cm in height, and
kept at 4°C for 4 wk. After this period, the plants were indi-
vidually transplanted in 14 cm x 18 cm (diameter x height)
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pots and grown in a greenhouse at ambient temperature
until full maturity (May 2004). A null segregant line of the
transgenic genotype (a line selected for the absence of trans-
gene overexpression in the first segregating generations, as
well as for the absence of the marker gene) was also grown in
the greenhouse under identical conditions, and used for the
proteomic comparisons reported here.

To stage developing seeds used for either the proteomic
or microarray analyses, heads of plants grown in the same
year were tagged when the first anther was exposed (0 DPA).
Developing seeds were then harvested at 10, 20, 30, and 35
DPA by flash-freezing the whole spikes in liquid nitrogen
and collecting the caryopses on dry ice. Frozen developing
caryopses were stored at —80°C until RNA or protein extrac-
tion. After careful observation of the caryopses morphology,
we decided to split the 10 DPA time-point into two sub-
groups: “early” and “late,” according to the different length
across the seed longitudinal crease, and thus to the volume
of the endosperm.

For biological replicates, we pooled the material collected
from spikes harvested from different plants. We obtained
enough material to perform two (10 DPA early) and at least
three (10 late, 20, 30 and 35 DPA) biological replicates, from
which independent RNA isolations and protein extractions
were performed.

2.2 Microarray profiling

A wheat cDNA array with 10 800 features representing 7835
genes [27] was used in the experiments. The arrays contain
inserts from cDNA clones generated from 48 cDNA libraries
generated by a consortium [28] funded by the US National
Science Foundation (“The Structure and Function of the
Expressed Portion of the Wheat Genome”). A majority of the
probes on the array (5817) have been mapped on the hexa-
ploid wheat genome [29].

A direct two-sample comparison experimental design,
including dye swap hybridizations, was applied [30]. For each
time-point, total RNA from both the wild-type and the trans-
genic genotype was reverse-transcribed, labeled, and the
pooled target solution was then applied to the cDNA array.
All hybridizations were technically replicated (involving the
same RNA samples) by swapping of the dyes. The whole
experiment comprises 28 cDNA array slides.

To assess the array reproducibility, control experiments
in which the same RNA sample was labeled with Alexa 647
and Alexa 555 (Molecular Probes) were performed (“yellow
test,” data not shown). Using the normalization and data
analysis procedures briefly described below and with full
details in the Supporting Information Appendix S1 (MIAME
checklist), none of the genes were found to be statistically
differentially expressed (DE) on the yellow test (with a false
discovery rate (FDR)-corrected p-value less than 0.01). Glob-
ally, only 2.4% of the clones (260 clones out of 10 800)
showed >1.5-fold variation; and only 0.64% (70 clones out of
10 800) showed >2-fold variation. These data are comparable
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to those reported in ref. [31] regarding the technical degree of
variation of a cDNA array.

Extraction and labeling of total RNA from developing
caryopses of the wild-type and transgenic genotypes were
performed as described [32]. Briefly, RNA was indirectly
labeled with Alexa 555 or Alexa 647 fluorophores (Invitrogen,
Carlsbad, CA) and hybridizations were carried out using the
Pronto! Hybridization kit reagents (Corning) following the
instructions supplied by the manufacturers. Array slides
were scanned using a GenePix 4000B Scanner (Molecular
Devices, Sunnyvale, CA), equipped with GenePix Pro 6.0
data acquisition software (Axon Instruments). Array data
normalization and detection of DE genes were carried out
using the software package LIMMA (Linear Models for
Microarray Analysis) [33, 34] loaded into the programming
language R v. 2.2.1 [35, 36]. Selection of the DE clones was
based on the p-values associated with the moderated t-statis-
tics (o= 0.01) [37], after FDR correction for multiple com-
parison [38]. To determine the number of DE tentative
unique genes encoded by the DE clones, the ESTs sequences
were assembled into tentative contigs using the software
Phrap (http://www.phrap.org/phredphrapconsed.html) as
previously described [27].

The data related to the wild-type and to the transgenic
genotype were normalized and averaged to obtain, for each
clone at each time-point, a mean-absolute value of the expres-
sion level. For each clone, these values were then divided by
the expression value of the first time-point, and ratios were
then rescaled by setting the lowest ratio to 1 and plotted. This
data presentation procedure has been shown to be better in
visualizing the magnitudes of the variation in the gene
expression levels [31]. For the purposes of data presentation a
clone was considered reliable if its average signal intensity
was greater than 200 intensity units and more than twice the
average background intensity, in at least one channel [39].

Full details of the experimental design are summarized
in the Supporting Information Appendix S1 (MIAME
checklist), which is compliant to the MIAME checklist for-
mat [40].

2.3 Proteomic profiling
2.3.1 Metabolic and CM-like proteins

Flours (150 mg) from the wild-type genotype and from the
transgenic line, derived from pools of mature seeds, were
used for selective extraction of CM-like and metabolic pro-
teins according to the procedure reported in ref. [16]. At least
three different biological replicates were performed, both for
metabolic and CM-like proteins, consisting in separate
extractions from different flour samples.

To detect quantitative variations in the level of individual
proteins, equal volumes of extracts made from equal masses
of flours were loaded on the 2-D gels, rather than the same
amount of proteins [41]. This was decided on the basis of the
significant difference in protein contents between the two
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genotypes, higher in the transgenic line with respect to the
untransformed genotype [23], that would not allow to detect
any difference in case the same amount of protein is loaded.

Samples were focused according to the following steps:
12 h rehydration at 20°C, then 200 V for 30 min, 500 V for
30 min, 1000 V for 2 h, 5000 V for 2 h with a final step of
8000 V for 5 h. Intensity was limited to 50 pA/strip. Equili-
bration of IPG strips was performed as previously described
[14, 16]. Second dimension was carried out at 30 mA/gel,
with cooling at 10°C, and stopped 5 min after the tracking
dye was out of the gel. Gels were stained overnight with CBB
G-250 according to [42], destained for 1 h in distilled water
and images were acquired immediately with a calibrated
scanner at 300 dot per inch with the same settings for all gels
(16-bit grayscale pixel depth). ImageMaster 2D v. 3.1 software
(Amersham Biosciences) was used to match and analyze the
gel images.

Spot detection and background subtraction (method:
average on boundary) were made by the software with the
same settings for all gels, and the detected spots were
manually verified.

The 2-D gels were analyzed in order to quantify the
global abundance of metabolic and CM-like protein by sub-
tracting background from the total raw spot quantities. The
values obtained were submitted to a two-tails Student’s t-test
to evaluate the hypothesis of a significant difference existing
in the global amount of metabolic and CM-like proteins be-
tween the wild-type and the transgenic genotype.

A second type analysis of 2-D gels was made to identify
protein spots that were differentially accumulated in the
metabolic protein preparations. In this case, raw images were
treated as previously described for spot detection and back-
ground subtraction —landmarks (user’s matches) were added
to improve matching efficiency. Volumes of the detected spots
were normalized (total spot volume normalization) by divid-
ing by the sum of spot volumes for all detected spots and then
multiplied by 100 to obtain spot percentage (normalized spot
volume). Student’s t-statistics and fold changes for detecting
differentially synthesized proteins were calculated using the
normalized spot volumes. Statistically significant differen-
tially synthesized protein spots in metabolic protein prepara-
tions showing a threefold or greater variation in normalized
spot volume between the transgenic and the wild-type geno-
type were selected for MS/MS analysis.

2.3.2 Total gluten proteins

Total gluten proteins were extracted from pools of mature
grains and from pools of developing caryopses according to
the procedure reported in ref. [14] on the residual pellets
obtained after the isolation of the metabolic proteins. Al-
though this procedure extracts both gliadin and glutenin
subunits, 2-DE allows to separate efficiently mainly HMW-
GS and LMW-GS of B-type, because gliadins and C-type
LMW-GS comigrate extensively. For this reason, these two
latter classes of proteins have been analyzed separately.
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Analysis by 2-DE was performed at least in biological tri-
plicate. Pools of mature and developing seeds at 10 DPA late,
20 DPA, and 30 DPA were crushed to a fine powder in liquid
nitrogen, immediately freeze-dried, and 200 mg were used
for the extraction of gluten proteins. Pellets of gluten proteins
obtained were dissolved and separated by means of 2-DE
(IEF x SDS-PAGE) according to the procedure reported above
for metabolic and CM-like proteins. In this experiment, equal
volumes of extracts made from equal masses of plant material
were loaded on the 2-D gels [41]. Gel staining, image acquisi-
tion, background subtraction, and spot detection were per-
formed as described above with the same settings for all gels.

In order to allow comparisons between the different gels,
and to correct for subtle experimental variations, the
volumes of the detected spots in the gels were normalized as
reported above (total spot volume normalization). The nor-
malized volumes of the spots detected in the HMW-GS and
LMW-GS regions (boxed in Fig. 1) were used to calculate the
ratio HMW-GS/LMW-GS and to plot the histogram bars
reported in Fig. 2.

2.3.3 Gliadins

Pools of immature caryopses or mature seeds from the wild-
type, transgenic and null segregant line were separately
crushed and gliadins were extracted from 10 mg of flour with
a buffer containing 10% v/v dimethylformamide and
1 x Protease Inhibitor Cocktail (Sigma), in a 1-5 (mg/uL)
ratio, for 2 h at room temperature. After 10 min centrifuga-
tion at 13000 rpm, aliquots of the same volume of the
supernatants were dried down in a SpeedVac or loaded on a
Acid-PAGE gel for immediate analysis using aluminum lac-
tate buffer at pH 3.2, according to ref. [43], with minor mod-
ifications. To analyze the pattern of gliadins extracted from
mature grains in more detail, 2-DE (Acid-PAGE x SDS-
PAGE) was performed on gliadin fractions extracted from at
least three biological replicates of the wild-type, transgenic,
and null segregant line. In this case, equal volumes of gliadin
extracts made from equal masses of seeds were loaded on the
2-D gels. The procedure used is as reported in ref. [7], but
mini-gels (BioRad, Hercules, CA) were used both in the first
and the second dimension. Differences between the present
and the published procedure thus include first dimension
prerun conditions that was performed at 16 mA/gel for
50 min, whereas run was carried out at 12 mA/gel and stop-
ped 5 min after the dye reached the bottom of the gel. Gels
were stained overnight according to ref. [42]. The second-di-
mension electrophoresis was performed in the same appa-
ratus used for the first dimension, and gels were the same
size. The run was carried out at a constant voltage (200 V),
and was stopped when the CBB used to stain the first di-
mension reached the bottom of the gel (about 50 min). Sec-
ond dimension gels were stained overnight with colloidal
Coomassie [42] and destained in distilled water. Gel images
were acquired with a calibrated scanner at 300 dot per inches
(16 bit pixel depth) with the same settings for all gels.
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Figure 1. 2-DE (IEF x SDS-PAGE) gels of total gluten protein preparations from the wild-type (left) and from the transgenic genotype (right)
extracted at different time-points during seed development: (A) 10 DPA late; (B) 20 2PA; (C) 30 DPA; and (D) mature grains. Equal volumes of
seed extracts derived from equal masses of seeds were loaded on the gels. The transgenic LMW-GS is indicated by the arrow. Regions

including the HMW-GS and the LMW-GS are boxed.

Background subtraction (method: average on boundary),
spot detection, matching, and normalization (method: total
spot volume) were performed by the software ImageMaster
2D v. 3.1 (Amersham Biosciences) as described. Student’s
t-statistics and fold changes for detecting differentially syn-
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thesized protein spots were calculated on the normalized
spot volumes.

Electroblotting of the 2-D gels of gliadins was performed
using an X Cell II blot module (Invitrogen). Sequi-blot PVDF
membranes (BioRad) were wetted in methanol and rinsed
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Figure 2. Histogram showing the comparison between the wild-
type and transgenic HMW-GS/LMW-GS area ratios during seed
development. At 10 DPA late gluten proteins are not yet detect-
able in the wild-type seeds, while the only subunit visible from
the transgenic seeds is the transgenic LMW-GS. Error bars
denote the SD. Where error bars are not visible, they are too
small to be represented within the histogram scale. Calculation
of the HMW-GS/LMW-GS area ratio is based on the normalized
volumes of the detected spots included in the boxed regions in
Fig. 1.

with deionized water for 5 min before soaking in electroblot
buffer (10 mM 3-cyclohexylamino-1-propanesulfonic acid
(CAPS), 10% v/v methanol, pH 11). Filter paper (Whatman
3 mm) was also soaked in electroblot buffer before use. After
2-DE, unstained gels were soaked in electroblot buffer for 5-
10 min. Transfer was performed for 1 h at 4°C, at a constant
voltage of 100 V. The membrane was rinsed with distilled
water for 5 min before staining with 0.025% w/v CBB R-250
in 40% v/v methanol for 5min. The membranes were
destained for 5 min in 50% v/v methanol, briefly rinsed in
distilled water, and allowed to air dry at room temperature.
Statistically significant differentially accumulated protein
spots showing a threefold or greater variation in normalized
spot volume between the transgenic and the wild-type geno-
type were excised using a clean razor blade. N-terminal
Edman amino acid sequencing was performed on the
selected spots using an Applied Biosystems 492 Procise
sequencer (Applied Biosystems, Foster City, CA) equipped
with an online 140C Micro gradient HPLC system for iden-
tification of PTH-amino acids. The sample-containing PVDF
membrane spots were coated with Biobrene (Applied Bio-
systems), dried and placed in to the reaction cartridge. The
analysis cycle “PL PVDF Protein” that was supplied with the
instrument was used for all samples. Sequence determina-
tion was carried out by visual inspection of the chromato-
grams and by examination of the data as analyzed by the
Model 610A data analysis software.

2.3.4 C-type LMW-GS
In order to obtain fractions enriched in C-type LMW-GS,

equal amounts of flour from at least three different biological
replicates of mature grains of the wild-type, transgenic, and
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null segregant line were used. We followed the procedure
described by [7], consisting of different precipitation steps
involving increasing concentrations of 1-propanol. C-type
LMW-GS are better resolved by Acid-PAGE x SDS-PAGE
rather than IEF x SDS-PAGE [7], because they do not present
considerable differences in pls. Acid-PAGE x SDS-PAGE
was performed on the C-type LMW-GS preparations accord-
ing to the procedure reported above for gliadins, with the
addition of 0.5% w/v DTT to the solubilization buffer prior to
sample loading on the first dimension gels. We followed the
same procedures reported above for 2-D gels of gliadins
regarding image acquisition, spot detection, normalization,
and identification of differentially synthesized protein spots.
Electroblotting and amino acid sequencing were also per-
formed as described above.

235 MS

Selected protein spots from 2-DE gels were reduced, alkylat-
ed, digested with trypsin and identified using LC MS/MS as
previously described [16].

2.3.5.1 Protein identification

Tandem mass spectra were extracted from the QSTAR Ana-
lystQS wiff files using a locally installed copy of MASCOT
Daemon (http://www.matrixscience.com/) and the MS/MS
samples were analyzed using MASCOT (Matrix Science,
London, UK; version 2.1.04). MASCOT was set up to search a
local version of a green plant database (containing 188 169
entries) assuming trypsin as the cleavage enzyme. The data-
base was created by parsing the NCBI nonredundant (nr)
database (03/10/2006) into taxonomic groupings using the
Sequence Database Management Wizard from Genomic
Solutions (Ann Arbor, Michigan). The local version of the
green plant database contained nr-Arabidopsis-thaliana.-
fasta, nr-Other-Viridiplantae.fasta, and nr-Oryza-sativa.fasta
and had appended to it protein sequences contained in the
common Repository of Adventitious Proteins (04/06/2006)
available from the Global Proteome Machine Organization at
ftp://ftp.thegpm.org/fasta/cRAP. Using the postanalysis
software package Scaffold (Proteome Software, Portland,
OR) both MASCOT and X! Tandem [44] results were
searched with a fragment ion mass tolerance of 1.00 Da and
a parent ion tolerance of 1.00 Da. lodoacetamide derivative of
cysteine was specified in MASCOT and X! Tandem
(www.thegpm.org; version 2006.04.01.2) as a fixed modifica-
tion. Oxidation of methionine was specified in MASCOT as a
variable modification. Oxidation of methionine and
iodoacetamide derivative of cysteine were specified in X!
Tandem as variable modifications.

2.3.5.2 Criteria for protein identification

Scaffold (version Scaffold-01.05) was used to validate the
combined MASCOT and X! Tandem MS/MS based peptide
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and protein identifications. Peptide identifications were
accepted if they could be established at greater than 95.0%
probability as specified by the Peptide Prophet algorithm
[45]. Protein identifications were accepted if they could be
established at greater than 99.0% probability and contained
at least two identified peptides. Protein probabilities were
assigned by the Protein Prophet algorithm [46]. Proteins that
contained similar peptides and could not be differentiated
based on MS/MS analysis alone were grouped to satisfy the
principles of parsimony.

3 Results and discussion

In order to facilitate the comprehension of the data reported
here, we will first present a summary of the results, both of
the microarray and the proteomic analyses (Section 3.1). We
will then present the details in Section 3.2, with data regard-
ing storage protein and genes in Section 3.2.1, and metabolic
proteins in Section 3.2.2. Because storage proteins (gluten)
include a wide range of protein types (and relative coding
genes), Section 3.2.1 has been further subdivided into three
subsections, the first reporting data mostly on glutenins
(Section 3.2.1.1), the second on a particular subclass of glu-
tenin subunits, C-type LMW-GS (Section 3.2.1.2), and the
third (Section 3.2.1.3) on gliadins.

3.1 Effect of LMW-GS transgene overexpression on
gene regulation during seed development

Our microarray analysis identified a total of 250 DE clones
(from now on designated as “DE”) for all the five time-points
analyzed, which covers the grain filling stage in seed devel-
opment. To improve the level of confidence in identifying the
clones that were up- or down-regulated, all clones with a
FDR-corrected p-value of 0.01 or less (thus regarded as highly
significant) were filtered again based on their expression
fold-change (>=2). The clones passing the expression
threshold were assembled into tentative unique DE genes

Table 1. The DE unigenes detected by microarray analysis®
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using the software Phrap as described previously [27, 32]. As
shown in Table 1, no DE genes were detected at 10 DPA early,
the first time-point analyzed. At this stage, the LMW-GS
transcripts were not detectable. The onset of up-regulation of
the LMW-GS transgenes is evident only starting from 10
DPA late and persisted until seed maturation (see below).
The fact that seeds collected at the same time-point show
different morphologies and different results as well, points
out the need to take into consideration the grain develop-
mental stage rather than the time-point itself.

The most evident consequence induced by genetic
transformation with an LMW-GS transgene is a global down-
regulation of gene expression during seed development. As
shown in Table 1, the proportion of down-regulated unigenes
in the transgenic genotype increased during seed develop-
ment starting at 20 DPA, and reaching 100% at 35 DPA. This
trend in down-regulation of genes in the transgenic genotype
is paralleled, until 30 DPA, by the overexpression of several
clones encoding the LMW-GS, very likely only the transgenic
one, because of crosshybridization. Such crosshybridization
is very likely due to the fact that the transgenic LMW-GS
transcripts are expected to anneal to all LMW-GS probes, be-
cause of their high degree of sequence identity (>90%).

It is likely that this high overexpression of the transgenic
LMW-GS gene requires an appropriate amount of transcrip-
tion factors. Clones corresponding to transcription factors
actually appear to be also overexpressed, in particular at 10
DPA late, when transcription of the LMW-GS transgene is
maximum (see Supporting Information Appendix S2). Pro-
lamin genes show similar patterns of temporal expression
during seed development and they are thus expected to have
common regulatory sequences [2, 47]. Hierarchical cluster-
ing (cluster of the genes vs. timepoint) calculated in the wild-
type genotype showed extremely high correlation coefficients
(R>0.95) between the endogenous glutenin genes (HMW-
GS and LMW-GS) and some genes putatively encoding tran-
scription factors. The genes encoding the same transcription
factors were also found to be highly correlated, in the trans-
genic genotype, with the expression of the transgenic LMW-

Time-point Replicated Number of Up-regulated Down-regulated Proportion of down-

hybridizations® DE unigenes unigenes (trans- unigenes (trans- regulated unigenes
genic/wild-type) genic/wild-type) (transgenic/wild-type)®

10 DPA early 4(2) 0

10 DPA late 6(3) 31 25 6 19.3%

20 DPA 6(3) 50 5 45 90%

30 DPA 6(3) 78 4 74 94.9%

35 DPA 6(3) 8 0 8 100%

Total 28 slides 167

DE, differentially expressed.

a) Total number and proportion of statistically significant DE unigenes.

b) Number of biological replicates is indicated in parentheses.

c) Percentage of down-regulated unigenes (transgenic/wild-type) on the total number of DE unigenes.
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GS transcript (see Supporting Information Appendix S3
“Transcript Profiles” for details). In fact, in the transgenic
genotype, as the LMW-GS transcript level decreased (after its
maximum peak at 10 DPA late), the transcript level of the
transcription factors decreased as well. It thus seems rea-
sonable that the accumulation of the transgenic LMW-GS
transcript led to a significant depletion of transcription fac-
tors, causing the subsequent down-regulation of the other
transcripts encoding the various prolamins.

The tentative contigs and singletons obtained from the
assembly of the DE clones were all queried to the non-
redundant database of NCBI using the algorithms BlastN
and BlastX [48]. The putative identity was extracted and used
to annotate each unigene. All DE unigenes identified, both
those up- and down-regulated in the transgenic with respect
to the wild-type genotype, were clustered in several func-
tional categories and are summarized in Tables 2 and 3,
respectively.

As expected on the basis of the very high sequence iden-
tity among LMW-GS genes [6], a high overexpression of sev-
eral different LMW-GS clones has been detected by micro-
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arrays in the transgenic genotype. This result is most likely
due to crosshybridization between the LMW-GS array DNAs
and the LMW-GS transgenic transcripts.

Among the down-regulated clones, the top-represented
categories (Table 3) include storage and defense proteins.
The clones encoding seed storage proteins (mainly HMW-
GS and gliadins) were all down-regulated in the transgenic
genotype, from the middle (i.e., 20 DPA) to the late stages of
seed development (i.e., 35 DPA) (Figs. 3B-E). It should be
noted that the endogenous LMW-GS were also down-regu-
lated, as will be confirmed later in the proteomic analysis
section (Fig. 1).

A high number of clones, including various classes of
protease inhibitors, CM-like proteins, peroxidases, and lipid
transfer proteins, which have all been attributed to plant
defense [49], were down-regulated in the transgenic geno-
type.

Another class that appears down regulated in the trans-
genic overexpressing genotype includes genes involved in
glutamine biosynthesis. Although these genes do not appear
DE at the earlier stages (10 DPA), they show down regulation

Table 2. Functional classification of up-regulated unigenes detected by microarray analysis

Functional category Representative unigene names Maximum Time-point”
fold change®
Seed storage proteins LMW glutenin subunit (transgene) 10 10, 20, and 30 DPA
Transport Sarcoplasmic reticulum protein, SEC1 gene 7 10 DPA
JA biosynthesis Oxophytodienoate reductase 7 10 DPA

Transcription and Translation  Zinc finger protein, putative transcription factor, putative 13

10 and 20 DPA

chromosome decondensation factor, bZIP transcription

factor, ribosomal proteins
Transcription

Unknown Several clones

Zinc finger protein, bZIP transcription factor 3

30 DPA
5 10, 20, and 30 DPA

JA, jasmonic acid.

a) Fold change value refers to the maximum intensity ratio calculated as transgenic/wild-type detected over the five time-points analyzed.
b) The column indicates when differential expression was detected.

Table 3. Functional classification of down-regulated unigenes detected by microarray analysis

Maximum Time-point?”

fold change®

Functional category Representative unigene names

Seed storage proteins HMW glutenin subunit -7 20, 30, and 35 DPA
a-Type gliadins -10
v-Gliadins -7
o-Gliadins -8

Defense o/B-Amylase/trypsin inhibitors, CM soluble proteins -5 20, 30, and 35 DPA

(CM-like proteins), other protease inhibitors, peroxidases,

lipid transfer proteins
Glutamine synthetase, glutaminyl-tRNA synthetase -3
Several clones -10

20, 30, and 35 DPA
20, 30, and 35 DPA

Glutamine biosynthesis
Unknown

a) Fold change value refers to the maximum intensity ratio calculated as wild-type/transgenic with inverted sign.
b) The column indicates when differential expression was detected.
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at the later stages, from 20 to 35 DPA. We hypothesize that

this might be a consequence of an increased demand for the
enzymes encoded by these genes at the earlier stages of
development, when the transgenic LMW-GS, that is gluta-
mine rich, starts to accumulate significantly (Fig. 3A). In the
transgenic genotype, expression of these genes then
decreased, likely for energy or metabolic reasons, thus lead-
ing to a down regulation of the other storage proteins, which
are also glutamine rich. This aspect will be described in more
detail in the following paragraphs.

Many genes putatively involved in transcriptional/trans-
lational processes and in the trafficking routes appeared
strongly up-regulated. For some of them, especially those
related to transcription, their differential expression per-
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Figure 3. Expression profiles of genes encoding the various
classes of seed storage proteins. (A) LMW-GS; (B) HMW-GS; (C)
a-type gliadins; (D) y-gliadins; and (E) o-gliadins. All ratios were
rescaled by setting the lowest ratio to 1 (corresponding to 10 DPA
early). At each time-point, the ratio between the relative gene
expression values is the average fold change between the wild-
type and the transgenic genotype. Vertical bars denote the SEM.
Where vertical bars are not visible, they are smaller than the data
points.

sisted until the later stages of development (Table 2). Micro-
array data indicate that the clone encoding the 12-oxophyto-
dienoate reductase (OPR1, BE591113), an enzyme involved
in the jasmonic acid (JA) biosynthesis, was strongly up-
regulated in the transgenic genotype. Its transcript profile
resembled, both in shape and magnitude of differential
expression, the transcript profile of the transgenic LMW-GS
(correlation coefficient [R] = 0.99) (see Supporting Informa-
tion Appendix S3 Transcript Profiles for details). Jasmonates
are plant regulators able to induce the synthesis of storage
and defense-related proteins in response to different biotic
and abiotic stresses [50]. The observation that most of
defense related genes appear down-regulated in the trans-
genic overexpressing genotype, suggests that the up-regula-
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tion of the above-mentioned 12-oxophytodienoate reductase
gene might be related to the increased LMW-GS synthesis,
instead of solicited as a defense response.

Several clones showing significant changes have no
known function. Bioinformatic analyses at the time of writ-
ing this manuscript did not provide any reliable annotation
for these clones (lack of close similarity matches, gene
ontology terms, and/or mapping information). This is con-
sistent with the current status of genome annotation in
wheat, and is of course a major issue in the complete bio-
logical interpretation of the gene expression datasets.

3.2 Gene expression profiles and protein
accumulation of selected classes of proteins
during seed development

As described in the Supporting Information Appendix S1
(MIAME checKklist), the microarray dataset has been treated
in order to perform a comparison between the different time-
points, thus allowing the generation of graphs that give a
more integrated vision of how a specific gene expression
level changes across time. Many of the significant DE clones
identified belong to gene families whose members share a
high degree of identity at the level of nucleotide sequence.
This is the case for seed-storage protein related genes (glia-
dins and glutenin subunits). To provide a unique transcript
profile for each gene family, the gene expression profiles
reported here are derived from pools of the mean intensity
values from different array clones belonging to the same
gene family.

The gene expression profiles of the main seed proteins
were also compared at the proteomic level.

3.2.1 Storage proteins

In the microarray analysis, it can be seen that genes corre-
sponding to all the storage proteins (Fig. 3) in the wild-type
genotype (HMW-GS, LMW-GS, a-type, v-, and o-gliadins)
follow a similar pattern of expression, with glutenins, both
HMW-GS and LMW-GS showing the peak of maximum
abundance of transcripts earlier (at 20 DPA) than gliadins (at
30 DPA) (Fig. 3). This pattern of expression is in agreement
with previous findings both at mRNA [51] and protein levels
[52].

Comparison of the transgenic and the wild-type geno-
types shows that there is no difference in the storage protein
gene expression between the two genotypes at 10 DPA early;
i.e., the mRNA of all storage protein gene classes is not
detectable. Significant differences were detected at the later
stages in development (see details in the following Sections).

In the proteomic comparison, we first analyzed the total
gluten proteins, which typically include both the HMW-GS
and LMW-GS, along with the gliadins. However, the LM W-
GS and gliadins partially comigrate on 2-D gels, and so we
further investigated these two classes of proteins by using
specific purification protocols.
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Since the proteomic comparison involve different frac-
tionation steps of the total seed proteins, the issue of a pos-
sible difference in the solubility properties of some of the
protein classes between the two genotypes might arise. We
have not found any evidence of changes of solubility of the
different endosperm protein classes, also because the differ-
ences observed in gliadin and metabolic polypeptides
amounts could be attributed to a different regulation of gene
expression, as indicated by microarray analysis, rather than
to solubility changes. Moreover, we had already observed [23]
that the transgenic polypeptide forms mainly homo-
polymers, but it likely links also to endogenous glutenin
subunits by means of the typical types of intermolecular dis-
ulfide bonds that form the gluten polymer.

3.2.1.1 Glutenin proteins and genes

Starting with the LMW-GS protein class, encoded by the
transgene, the gene expression profiles in the transgenic and
in the untransformed genotypes (Fig. 3A) show a huge dif-
ference at 10 DPA late. The LMW-GS mRNAs of the trans-
genic genotype were ten-times more abundant than in the
wild-type one, and were also significantly higher (about dou-
ble the amount) at 20 and 30 DPA. The peak of maximum
abundance of LMW-GS mRNAs is different between the two
genotypes: in the transgenic line the LMW-GS transcripts
had a maximum at 10 DPA late, whereas the wild-type
reaches maximum at 20 DPA (Fig. 3A). This behavior might
have different origins. It is possible that the construct con-
taining the transgene does not include all the necessary
control elements for the proper transcription, or the inser-
tion site may affect expression. Both possibilities include the
potential influence of higher order chromatin domain ele-
ments, such as MARs [53]. However, an alternative and sim-
pler explanation of this shift in the peak of maximum tran-
script abundance, as well as of the apparently anticipated
transcription and accumulation, is that the transgene might
be one of the LMW-GS genes that are expressed earlier than
others, because there are several genes coding for LMW-GS
that are probably expressed at different times during the
grain filling stage in the untransformed line. The presence of
numerous transgene copies in the genome might thus
account for this observation. We have in fact verified that
multiple transgene copies are inserted in a single locus on
the short arm of chromosome 5D [24]. On the basis of pre-
viously performed Southern blots [23] and FISH analyses
[24], the estimated number of transgene copies is reasonably
around one hundred, thus accounting for the observed dif-
ferences both at transcriptional and translational levels,
assuming that all the copies are active.

Proteomic analysis showed that the temporal modifica-
tion of LMW-GS gene expression led to the accumulation of
the transgenic subunit. Expression analysis by means of 2-D
gels of gluten proteins extracted from seeds collected at 10
DPA late showed that the only detectable protein in the
transgenic genotype is the transgenic LMW-GS itself,
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whereas no polypeptide has been detected in the wild-type
cultivar (Fig. 1A). The prevalence of the transgenic LMW-GS
(indicated by an arrow in Fig. 1) is particularly marked at 20
DPA (Fig. 1B), and still detectable at 30 DPA (Fig. 1C) and in
the mature seed (Fig. 1D). It is important to stress that 2-D
gels of gluten proteins were loaded with the same volume of
protein extracts derived from equal masses of seeds, in order
to reveal possible changes in the level of accumulation of in-
dividual polypeptides.

Regarding HMW-GS, their clones were also differen-
tially regulated (Fig. 3B; Table 3). In the wild-type, HMW-
GS transcripts have a similar pattern of expression to the
LMW-GS genes: they show a drastic increase between 10
DPA late and 20 DPA, with a peak of maximum abun-
dance at 20 DPA, and then their abundance decreases,
when the seeds begin to desiccate. This trend is present
also in the transgenic genotype, but the relative amounts
are significantly different. Starting at 20 DPA, in the
transgenic genotype, the transcripts for HMW-GS are in
fact constantly down-regulated which accounts for the
lower amount of HMW-GS polypeptides detected at 20, 30
DPA and in the mature seeds (Figs. 1B-D). The 2-D pat-
terns reported in Fig. 1 allowed a parallel comparison be-
tween protein levels and gene expression profiles of glute-
nin subunits. Areas containing HMW-GS and LMW-GS
spots are boxed in Fig. 1.

The dynamics of accumulation of the gluten proteins can
be summarized looking at changes in the ratio between
abundances of the HMW-GS and LMW-GS during seed fill-
ing (Fig. 2). This parameter had already been used to char-
acterize the timing of seed storage proteins accumulation
during development of the wheat caryopses [52, 54]. The
HMW-GS/LMW-GS ratio was calculated taking into account
all the normalized spot volumes of the HMW-GS and LMW-
GS deriving from the expression analysis of the 2-D gels
(boxed regions in Fig. 1). Figure 2 reports the histogram
relative to this ratio. The HMW-GS/LMW-GS ratio increases
in developing seeds in both genotypes analyzed. This obser-
vation is in agreement with the results reported earlier [52].
However, there is a strong difference in the absolute value of
the HMW-GS/LMW-GS ratio. The ratio is constantly signifi-
cantly lower in the transgenic genotype from 20 DPA until
maturity (t-test p-values <0.05). This difference is due to the
preferential accumulation of the LMW transgenic subunit at
the earlier stages and to its high amount at the later stages of
development (Figs. 1A and B).

3.2.1.2 LMW-GS of C type

The 2-D gels of C-type LMW-GS from the genotypes analyzed
are shown in Fig. 4. Expression analysis of the 2-D gels
identified as significantly differentially synthesized a group
of fast moving polypeptides (around 15 kDa) present only in
the transgenic genotype. These spots, circled in Fig. 4C, were
submitted to N-terminal amino acid sequencing (Table 4),
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Figure 4. 2-DE (Acid-PAGE x SDS-PAGE) of C-type LMW-GS from
the wild-type (A), null segregant line (B), and from the transgenic
genotype (C). A sample of total seed protein extract from the
wild-type genotype was included as a reference (on the left of
each image). Circled spots are exclusively expressed by the
transgenic genotype and have been submitted to N-terminal se-
quencing (see also Table 4).

because no reliable data were obtained using MS, likely due
to the known problems in obtaining suitable fragmentation
patterns from these prolin-rich proteins [55].
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Table 4. N-terminal sequences of DE spots from Fig. 4%

Spot no. t-test® N-terminal sequence

1 <0.001 No sequence obtained
2 0.007 METRQIPGLE-

3 0.042 XXXXCIP-

4 0.005 METRQIPGLE-

5 0.011 XPTS(Q/P)I(Q/P)(Q/G)L-
6 0.010 XQRSQMLVQ-

7 0.014 LQQ-

8 0.002 LARSQML-

a) N-terminal amino acid sequences obtained from the DE cir-
cled spots highlighted in Fig. 4C.

b) p-value to assess the differential expression. t-statistics were
calculated on normalized spot volumes.

Spots numbers 2 and 4 corresponded to N-terminal pep-
tides of typical LMW-GS. It is necessary to specify that, since
the samples were not pyridylethilated, the glutamine in
position 5 in peptides 2 and 4, might actually be a cysteine
residue, as is in the transgenic LMW-GS (Fig. 5). Spot num-
bers 3, 7, and 8 correspond to internal peptides of the same
protein type. If a cysteine residue is present in position 5, as
it seems likely, it appears reasonable that fragments 2, 3,4, 7,
and 8 belong to the transgenic LMW-GS and might corre-
spond to truncated transgenes that are generated as a con-
sequence of the transformation process. Fragments of unex-
pected size putatively corresponding to partial sequences of
the transgene have also been reported in several wheat lines
transformed, by means of particle bombardment, with addi-
tional HMW-GS genes [56-61]. These fragments may also
originate as a consequence of a proteolytic cleavage of the
transgenic glutenin. Degradation of various transgenic
products has been reported in reproductive and vegetative
tissues of Nicotiana tabacum, Arabidopsis thaliana, corn, soy,
alfalfa, and potato [62]. The observed alteration of the trans-
genic LMW-GS accumulation could lead to an imperfect
assembly and misfolding of the protein in the ER lumen,
therefore increasing the susceptibility of the transgenic glu-
tenin to the proteases active in the secretory pathway [63, 64].

One of the sequences obtained for spot 5 (PTSQIQQL-),
has been identified as an internal sequence of a protein
similar to those of the zinc finger family (NP 498846,
E-value = 227). Several clones encoding zinc finger tran-
scription factors (in particular BE423328 and BQ804784)
showed to be strongly up-regulated in the transgenic geno-
type from 10 DPA late to 30 DPA (data not shown). The
sequence obtained for spot 6 (QRSQMLV-) matches an
internal predicted sequence of a hydrolase (ZP_01111041,
E-value = 126). However, spots 5 and 6 may also be products
of rearranged LMW-GS transgenes. Thus, the novel DE
spots identified in the transgenic C-type LMW-GS prepara-
tions may correspond to by-products of the overexpressed
LMW-GS or derive from transgene rearrangements, rather
than to de novo polypeptide synthesis (Fig. 5).
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o
METFLVFALLTVAATSAIAQIMETRCIPGLERPW|QQQPLPPQQTFP
2,4

QQPLFSQQQQQALFPQAPSFSQQAPPFWQQAPPFSQQAPILPQ

QPPFSQQQALVLPQAPPFSQQQAPYVLPPQQASPFPQQAQAAHQGL

7
VAQOQIPVVQPSILQALNPCKVFLOQQCSPYAMPQRLARSQMLQQ
T Fi 8

SSCHYMQQQCCQQLPQIPQASRYEAIRAIYSIILQEQQAVAGSIQ
5Q0QOPQALGACYSAPQAQSQOALGRAPQACALAQGTFLAPH

QIAQLEVMTSIALRILPTMCSVNVPLYRTTTSVPFGVGTGVYGAY

Figure 5. Deduced amino acid sequence of the transgenic LMW-
GS encoded by the clone F23A [26]. Underlined or overlined are
fragments identified by N-terminal sequencing in C-type LMW-
GS preparations from the transgenic genotype. Numbers shown
on the sequence correspond to the spots as numbered in Fig. 4C;
their sequences are reported in Table 4. Vertical brackets and di-
rected arrows define the borders and the start positions of the
N-terminal, central repetitive and C-terminal domains of a typical
LMW-GS, respectively.

3.2.1.3 Gliadins

Based on our microarray data, all classes of gliadin genes
were heavily down-regulated during seed development in the
transgenic line (Figs. 3C-E). With the aim of verifying the
concordance between transcript and protein abundances,
gliadins were investigated by means of selective extraction
and 2-DE. We have used Acid-PAGE vs. SDS-PAGE, instead
of IEF vs. SDS-PAGE, in order to easily recognize the differ-
ent gliadin classes that are typically classified according to
their mobility in Acid-PAGE [3]. In Fig. 6, the 2-DE maps of
total gliadin preparations from the wild-type, null segregant
line and transgenic genotype extracted from mature grains
are shown. The 2-D gels were loaded with the same volume
of protein extracts derived from equal masses of seeds. In
general, gliadins were much less abundant in the transgenic
than in the wild-type genotype. After expression analysis of
2-D gels, a group of a-type gliadins was regarded as signifi-
cantly differentially synthesized in the wild-type with respect
to the transgenic genotype (boxed in Fig. 6A). The identity of
these spots was confirmed by N-terminal sequencing of the
first eight amino acids (data not shown). The null segregant
line was not significantly different from the wild-type culti-
var (Fig. 6B), thus the down-regulation of gliadins, and, in
particular of o-type gliadins, was exclusive to the transgenic
genotype.

According to the transcript profiles (Figs. 3C-E), the dif-
ferential expression of gliadin genes was established early in
seed development. Several gliadin-encoding clones were
already significantly down-regulated at 10 DPA late in the
transgenic line. We thus investigated the patterns of accu-
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mulation of gliadins during the period of seed maturation.
The 1-D electrophoretic patterns of gliadin extracts from the
wild-type and transgenic genotypes during grain develop-
ment is illustrated in Fig. 7. Also in this case, the 1-D gels
were loaded with the same volume of protein extracts derived
from equal masses of seeds. It is interesting to note that
a-type and y-gliadins electrophoretic patterns are less intense
in the transgenic compared to the control line. This is valid
also for w-gliadins (as well as @-secalins), although to a lower
extent compared to the other gliadin classes. These results
parallel the microarray data, therefore transcripts and pro-
teins accumulation are concurrent, and the observed differ-
ence between the various gliadin classes might mean that
they are under different controls, but this has not been
investigated in this context. In general, lower levels of glia-
dins have also been reported recently in transgenic wheat
overexpressing the HMW-GS 1Dx5 [65].

- 75 kDa
[
1 A-coded w-gliadins =olkta
and e-secaling
[ - 50 kDa
a-type gliading
- 30 kDa

Figure 7. 1-D Acid-PAGE separation of total gliadin extracts from
the developing seeds of the wild-type (left) and transgenic geno-
type (right). Equal volumes of seed extracts derived from equal
masses of seeds were loaded on the gels. 1, 10 DPA late; 2, 20
DPA; 3, 30 DPA; 4, 35 DPA; 5, mature grain (around 45 DPA). The
presence of w-secalins is due to the 1B-1R translocation carried
by the bread wheat cultivar Bobwhite.

3.2.2 Metabolic proteins

In addition to the gluten proteins, we also analyzed the KCl-
soluble fraction designated as “metabolic proteins” [14].
Besides gluten proteins, which are toxic for certain individ-
uals (i.e., celiac disease), wheat grains contain a high con-
centration of potentially allergenic polypeptides [66] that
mostly belong to this fraction.

The metabolic fraction resolved into multiple spots in the
2-D gel as shown in Fig. 8. In terms of total protein spot
volumes, the transgenic genotype has a mean reduction in
global intensity of 32% with respect to the wild-type genotype
(t-test p-value<<0.01).
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Table 5. DE metabolic proteins

Spot NCBIl accession  Protein name

no. number
1 AAMB8383 Peroxidase 1
2 AAMS88383 Peroxidase 1
3 AAMB8383 Peroxidase 1
4 ABG68030 Globulin 1
5 AAP80642 19 kDa globulin
6 AAK84773 y-Gliadin
7 AAP06762 Grain softness protein-1
8 AAK84773 y-Gliadin
9 AAP80612 Unknown
10 P16850 Wheat a-amylase trypsin inhibitor
CM1

11 AAY42618
12 AAR28678
13 AAV39517

0.19 dimeric a-amylase inhibitor
a-Amylase inhibitor CM3
0.19 dimeric a-amylase inhibitor

14 CAA39099 CM2 protein
15 BAC76688 27K protein
16 AA053265 LMW-GS

MS/MS identifications of the DE metabolic proteins at the level of
mature grains between the transgenic and the wild-type geno-
type. The amino acid sequences of the peptides identified for
each protein and the percentage of the protein coverage that they
represent are provided along with other details in Supporting
Information Table 5. Identified proteins are based on the criteria
specified for protein identification in Section 2.

Expression analysis of 2-D gels, performed to identify
individual differentially accumulated metabolic proteins,
identified several spots that were selected for MS/MS analy-
ses. Table 5 reports the corresponding protein identifica-
tions. All the proteins identified were significantly down-
regulated in the transgenic genotype, except for up-regulated
spot 16 that corresponds to the contaminant transgenic
LMW-GS.

Spots 1, 2, and 3 (Table 5) were identified as seed perox-
idases. Evidence of differential synthesis of peroxidases also
came from microarray analyses, where a clone encoding a
seed peroxidase was found to be constantly down-regulated
in the transgenic genotype (clone BE590763, see Supporting
Information Appendix S3 Transcript Profiles).

Spots 10-14 were all CM-like proteins or inhibitors of
o-amylase/trypsin. The various protease and amylase inhibi-
tors of wheat seeds all belong to the family of CM-like pro-
teins, and are proteins usually synthesized in the cereal seeds
to provide a defense against the protease enzymes secreted
by pathogens [67, 68]. Attributions of the remaining spots are
reported in Table 5. Since some of the spots identified as dif-
ferentially synthesized in metabolic protein preparations
were actually CM-like proteins, we decided to investigate
their abundance in mature seeds by means of selective
extraction followed by analysis of their 2-DE gel pattern
(Figs. 9A and B). The transgenic line shows a drastic de-
crease in the amount of all the CM-like proteins (78%, t-test
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p-value<<0.01), with respect to the wild-type genotype. This
decrease, which was also detectable at the transcript level in
developing seeds for several clones encoding CM-like pro-
teins (Fig. 9C), can again be interpreted as an extreme com-
pensatory effect to the high overexpression of the transgenic
LMW glutenin subunit gene. CM-like proteins are in fact
distantly related to the wheat prolamins [69], and show a
high degree of sequence identity with the nonrepetitive
domains typically present in the prolamin sequences. As
with the HMW-GS and gliadins, the decrease in the abun-
dance of CM-like proteins could be likely a consequence of
the diversion of the amino acids pool to the synthesis of the
transgenic glutenin.

4 Concluding remarks

The experiments described here provide a global evaluation
at the transcriptome and proteome level of the consequence
of a biolistic transformation event in bread wheat that leads
to an unusually high expression of an LMW-GS transgene.
Wheat cDNA microarrays and 2-DE demonstrated their high
and complementary potential to detect significant changes,
and allowed us to assess the concordance between the RNA
and protein levels in the developing seeds.

Referring to the definitions provided in ref. [70], the
transgenic line analyzed here showed a series of “unin-
tended effects.” As a response to the overaccumulation of the
LMW glutenin, the transgenic seeds have adopted a global
compensatory response consisting in a heavy down-regula-
tion of all other classes of storage proteins. This response
might be directed to maintain a homeostatic level of seed
storage proteins compatible with seed development and ger-
mination. It is known that plants might respond to a drastic
increase in the production of nutrients or storage com-
pounds, by activating a silencing/degradation pathway that
negates the overaccumulation of storage reserves [71, 72].

Since gene expression changes during seed develop-
ment, although in different directions, we assume that the
genes encoding gliadins, glutenins, and CM-like proteins
(related to prolamins) [73] are all likely subjected to a similar
transcriptional regulation. In this line, the compensatory
responses started immediately following the early accumu-
lation of the transgenic glutenin and persisted until seed
maturation. The observed compensation could likely be a
consequence of the diversion of the amino acid reserves to
the synthesis of the transgenic glutenin. The magnitude of
these compensatory effects seems to be proportional to the
expression level of the introduced glutenin transgenes [60,
61, 65].

Similarly, also the timing of the accumulation of the
transgenic glutenin during seed development constitutes an
unintended effect. It is in fact possible that this transgene,
encoded at the Glu-D3 locus, belongs to a class “early
expressors” LMW-GS genes. Early expressors o-gliadin genes
from the D genome have been identified by a large-scale in
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silico analysis of wheat ESTs [74]. The possible lack of specific
regulatory sequences, upstream and/or downstream the
coding sequence, may also exert an influence on the timing
of accumulation of the transgenic transcript. Moreover, the
simultaneous regulation of the transgenic LMW-GS, both at
the transcriptional and protein synthesis level, may be
explained on the basis of the cointegration of the transgenes
in a single site [24].

Interestingly, the development of novel allergenic com-
pounds or toxic substances or the increase of those already
present as a result of genetic modification is a central issue in
the assessment of any GM crops [75]. It is worth mentioning
that, among the “predictable unintended effects”, the trans-
genic seeds also exhibited globally a lesser amount of poly-
peptides with allergenic potential (gliadins and CM-like pro-
teins) [76, 77].

This paper follows several reports investigating the tran-
scriptional, proteomic or metabolomic differences between
GM plants and their corresponding traditional varieties [78—
82]. Because the work here reported is based on the analysis
of a single line, it is not possible to draw general conclusions
about the substantial equivalence of this GM genotype, also
because a significant proportion of the DE clones corre-
sponded to unknown genes. However, most of the variations
observed include predictable alterations of seed tran-
scriptome and proteome. These were for the great part com-
pensatory effects limited mostly to the prolamin superfamily,
which includes seed storage proteins along with defense
related proteins.

The data here obtained offer the possibility to speculate
about the organization of the gluten matrix, whose detailed
structure is still poorly understood [4]. The presence of poly-
peptide fragments corresponding to partial sequences of the
transgene might be the consequence of the insertion of
transgene fragments, which are eventually translated, but
could also originate from the proteolytic cleavage of the
transgenic glutenin. In our previous work [23], it was shown
that the majority of glutenin polymers in the transgenic line
were actually homopolymers of the transgenic protein itself.
These “unusual” polymers, whose accumulation may also
constitute a stress for the ER [83], may be recognized as
incorrect by the cell, thus triggering the degradation process.

In conclusion, although this work is based on the analy-
sis of a single transgenic line, this genotype gives important
clues that help in understanding mechanisms controlling
the synthesis, the organization of wheat seed proteins, and
the expression of their coding genes during seed develop-
ment.

This work was supported by the Italian Minister for Uni-
versity and Research (MIUR), projects “Gene expression and
accumulation of agronomically important proteins in plant cells:
transcriptional and post-transcriptional mechanisms” (FIRB
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nutritional and/or allergenic proteins in commercial and trans-
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